Altered left ventricular filling patterns in hypertrophic cardiomyopathy have been demonstrated by M-mode echocardiographic and radionuclide techniques. Because pulsed Doppler ultrasound provides the capability to directly measure blood flow velocity across the mitral valve, it was hypothesized that this technique would be useful for demonstrating left ventricular filling abnormalities. Simultaneous Doppler utrasound examination of the left ventricular inflow, M-mode echocardiograms and phonocardiograms were performed in 17 children and young adults: 10 with hypertrophic cardiomyopathy (aged 6 to 20 years) and 7 with a normal heart (aged 10 to 18 years). From the Doppler studies, measurements of various diastolic time intervals, peak flow velocity during rapid filling (E velocity) and peak flow velocity during atrial contraction (A velocity)were made. Several areas within the Doppler flow envelope were calculated: first 33% of diastole (0.33 area), first 50% of diastole, triangle under the E velocity (E area) and triangle under the A velocity (A area). These were expressed as a percent of area under the total flow envelope.
Altered left ventricular filling patterns in hypertrophic cardiomyopathy have been demonstrated by M-mode echocardiographic and radionuclide techniques. Because pulsed Doppler ultrasound provides the capability to directly measure blood flow velocity across the mitral valve, it was hypothesized that this technique would be useful for demonstrating left ventricular filling abnormalities. Simultaneous Doppler utrasound examination of the left ventricular inflow, M-mode echocardiograms and phonocardiograms were performed in 17 children and young adults: 10 with hypertrophic cardiomyopathy (aged 6 to 20 years) and 7 with a normal heart (aged 10 to 18 years). From the Doppler studies, measurements of various diastolic time intervals, peak flow velocity during rapid filling (E velocity) and peak flow velocity during atrial contraction (A velocity)were made. Several areas within the Doppler flow envelope were calculated: first 33% of diastole (0.33 area), first 50% of diastole, triangle under the E velocity (E area) and triangle under the A velocity (A area). These were expressed as a percent of area under the total flow envelope.
From the M-mode studies, left ventricular endocardial echoes were digitized and peak rates of increase in
In recently published studies using noninvasive techniques, abnormal patterns of left ventricular diastolic filling were reported in patients with hypertrophic cardiomyopathy. Mmode echocardiographic studies (1-4) have shown prolonged left ventricular relaxation times, diminished rates of left ventricular relaxation and decreased percent of total diastolic flow occurring during rapid filling in patients with hypertrophic cardiomyopathy compared with normal subjects. Radionuclide angiographic studies (5) have demon-0.91 ± 0.11 mis, p < 0.05), 0.33 area/total area was less (0.46 ± 0.11 versus 0.58 ± 0.08, p < 0.05) and the isovolumicrelaxation time was prolonged (56 ± 2 versus 31 ± 1 ms, p < 0.05) in patients with hypertrophic cardiomyopathy. Other Doppler and M-mode time intervals, rates of left ventricular dimension change, A velocity and the remaining Doppler areas were not significantly different between groups.
In conclusion, altered patterns of left ventricular filling are demonstrable by Doppler ultrasound techniques in hypertrophic cardiomyopathy. The prolonged lsovolumic relaxation time suggests a diminution in active left ventricular relaxation. The decreased percent ofthe total Doppler area in the first 33% of diastole and the decreased peak E velocity suggest diminished flow during the rapid filling phase of diastole. (J Am Coli CardioI1986; 8:310-6) strated diminished peak filling velocity and prolonged time to peak filling velocity in patients with hypertrophic cardiomyopathy. Pulsed Doppler echocardiography is another noninvasive technique that can be used to examine blood flow velocities across the mitral valve (6) . Using this technique, measurements of flow velocities and filling rates comparable with those determined from echocardiographic and radionuclide studies can be made (7) . In particular, from the mitral valve Doppler recording, peak flow velocities, timing of peak flow velocities and the proportion of flow during the various phases of diastole can be measured. Recently, the Doppler measurements of mitral flow velocities have been shown to correlate closely with angiographic measurements of diastolic flow velocities (8) .
The purposes of this study were to determine whether abnormal patterns of left ventricular diastolic filling also 0735-1097/86/$3.50 occur in children with hypertrophic cardiomyopathy and, if so, whether these patterns are detectable by a different noninvasive technique-that of mitral valve Doppler ultrasonography.
Methods
Patients. Ten children with hypertrophic cardiomyopathy and seven normal children were included in the present study. The normal children had no evidence of heart disease by history and physical examination or by M-mode and twodimensional echocardiography. The normal group included three female and four male subjects whose ages ranged from 10 to 18 years (mean 15) and whose weights ranged from 41 to 73 kg (mean 64).
The patients in the hypertrophic cardiomyopathy group were randomly selected from the outpatient clinic. The diagnosis of hypertrophic cardiomyopathy was established by standard echocardiographic criteria (increased ratio of septal to left ventricular posterior wall thickness, systolic anterior motion of the mitral valve, mid-systolic closure of the aortic valve) and standard catheterization criteria (rest or inducible left ventricular outflow obstruction, angiographic demonstration of dynamic subaortic obstruction) (9) . The hypertrophic cardiomyopathy group included five female and five male subjects whose ages ranged from 6 to 20 years (mean 14) and whose weights ranged from 13 to 77 kg (mean 52). Nine of these patients had been treated with verapamil for 2 to 3 years. At the time of the echocardiographic study, no patient had a left ventricular outflow gradient at rest greater than 16 mm Hg by Doppler ultrasound examination. All patients with hypertrophic cardiomyopathy had evidence of trivial or mild mitral insufficiency by Doppler examination; however, no patient had clinical, angiographic or echocardiographic evidence of hemodynamically significant mitral insufficiency.
M-mode echocardiographic studies. The M-mode echocardiograms of the left ventricle and the simultaneous phonocardiograms were obtained using an Advanced Technology Laboratories Mark 600 Ultrasound System and a 3 MHz transducer. The two-dimensional image of the left ventricle in the parasternal short-axis view was used to position the M-mode cursor line at the tips of the mitral valve leaflets. The M-mode echocardiogram, the phonocardiogram (obtained from the second left intercostal space) and an electrocardiogram were recorded simultaneously at a paper speed of 50 mm/s . Using a digitizing pen and a commercially available microprocessor (Digisonics), the echocardiograms were analyzed by tracing the endocardial echoes of the septum and left ventricular posterior wall for three entire cardiac cycles and by marking the time point D of mitral leaflet separation (10) (11) (12) . From the digitized tracings, the computer calculated the left ventricular short-axis dimension and the rate of change of this dimension with respect to time every 3 ms. Using previously described methods (3, 12) , thefollowing time intervals were measured as summarized below: o to E interval, 0 to A interval, interval between the 0 point and the point where the peak E velocity decreases by one-half (this interval represents the rapid filling period), the pressure half-time (6) and the interval between the 0 point and the point where the velocity drops to a value of peak EllA. The point where the velocity decreases to a value of peak EllA represents the time at which the left atrial to left ventricular pressure gradient drops to one-half of its peak value during rapid ventricular filling (6) . The time interval between the 0 point and peak Ell A thus represents another technique for measuring the rapid filling period. In addition to the time intervals, the peak E velocity, peak A velocity and the ratio of peak E and peak A velocities were measured from the Doppler spectral recordings.
No attempt was made to calculate the absolute volumetric flow in the different portions of diastole because of the difficulties that occur in accurately measuring the changing mitral valve cross-sectional area throughout diastole. Instead, several areas under the Doppler spectral tracing were integrated to examine the Doppler patterns of diastolic filling. The measured areas were (Fig. 2): I. The total area under the velocity envelope throughout diastole 2. The area under the velocity envelope for the first 33% of diastole (0.33 area) 3. The area under the velocity envelope for the first 50% of diastole 4. The E area or the triangular portion of the Doppler curve formed by drawing a straight line from the peak E velocity to the zero line 5. The A area or the triangular portion formed by drawing a straight line from the peak A velocity to the zero line Area fractions, defined as the individual Doppler area divided by the total Doppler area, were calculated to determine the percent of the total velocity envelope occupied by the individual areas. Using a crosswire cursor and a microprocessor system (Microsonics CAD 888), the Doppler areas were traced along the densest portion of the curve (the modal velocity) and through the region of the wall filter to the zero line. All Doppler peak velocities were measured as the highest value for the velocity displayed at the outermost border of the Doppler spectral recording. Statistical analysis. Three or more cardiac cycles were measured and averaged to obtain each M-mode and Doppler echocardiographic value. The hypertrophic cardiomyopathy group and the normal group were compared using an unpaired t test, and a two-tailed probability (p) value of less than 0.05 was used to define a significant intergroup difference. The beat to beat variation coefficients and interobserver variability for the diastolic measurements have been previously reported (7).
Results
Echocardiographic findings. The M-mode echocardiographic measurements of the left ventricle are shown in Table I . The left ventricular systolic and diastolic dimensions were significantly smaller in the patients with hypertrophic cardiomyopathy. Also, the left ventricular posterior wall and septal thicknesses were significantly greater in the patients with hypertrophic cardiomyopathy. No difference was found in the shortening fraction of the two groups. Table 2 . A significant prolongation of the isovolumic relaxation time was found in patients with hypertrophic cardiomyopathy. The heart rate, remaining M-mode diastolic time intervals, dD/dt and dO/dUD were not different between groups.
Data derived from the digitized tracings of the M-mode echocardiogram are listed in
Doppler ultrasound findings. Doppler time intervals and velocity data are shown in Table 3 . The peak E velocity during the rapid filling phase was significantly lower in patients with hypertrophic cardiomyopathy. The ratio of the peak E to the peak A velocity, which represents the relative flow velocities during early diastole and atrial contraction, was lower in patients with hypertrophic cardiomyopathy; however, this difference did not achieve statistical significance. The peak A velocity and Doppler diastolic time intervals were not significantly different between groups.
The mitral valve Doppler area measurements are shown in Table 4 . The percent of the total area in the first 33% of *Statistically different between groups at the 5% level. Values are mean ± SD. Abbreviations as in Table 3 . Figure 3 . The measurements that were statistically different between patients with hypertrophic cardio-: myopathy (he) and normal subjects (nl). E VEL = E velocity during rapid ventricular filling; IVR = isovolumic relaxation time; TA = total area. diastole was significantly lower in patients with hypertrophic cardiomyopathy. The percent of the total area in the E triangle and in the first 50% of diastole was also lower in patients with hypertrophic cardiomyopathy, but these differences did not reach statistical significance. The percent of the total area in the A triangle was higher in patients with hypertrophic cardiomyopathy; however, this difference was also not significant. Of the digitized M-mode and Doppler measurements, the only measurements that were significantly different between patients with hypertrophic cardiomyopathy and normal subjects were the isovolumic relaxation time, the Doppler peak E velocity and the percent of the Doppler total area in the first 33% of diastole (Fig. 3 ).
Discussion
This study shows that children and young adults with hypertrophic cardiomyopathy have an abnormal pattern of left ventricular diastolic filling detectable by mitral valve Doppler examination. The decreased flow velocity during the rapid filling phase of diastole and the decreased percent of the total Doppler area in the first 33% of diastole in the patients with hypertrophic cardiomyopathy are probably caused by decreased left ventricular diastolic function. These findings are consistent with M-mode echocardiographic studies by Hanrath et a1. (2) which showed that the percent of the total change in left ventricular diastolic dimension that occurred during rapid filling was decreased in patients with hypertrophic cardiomyopathy compared with that in normal subjects (normal subjects = 62 ± 10%, patients with hypertrophic cardiomyopathy = 54 ± 15%). In their study, there were no differences between patients with cardiomyopathy and normal subjects in the percent of the total change in left ventricular diastolic dimension that occurred during slow filling or during atrial contraction. Likewise, our study showed no difference in the percent of the total Doppler area under the A wave between patients with hypertrophic cardiomyopathy and normal subjects. Our findings are also consistent with radionuclide angiographic data reported by Bonow et a1. (5), who showed that patients with hypertrophic cardiomyopathy have a diminished left ventricular peak filling rate and prolonged time to peak left ventricular filling rate. Similarly, our study showed a decreased flow velocity during early diastole.
Comparison of M-mode and Doppler findings. From the digitized tracing of the M-mode echocardiogram, we found a prolonged isovolumic relaxation time in patients with hypertrophic cardiomyopathy. This finding has been previously reported in both children and adults with hypertrophic cardiomyopathy and is believed to be caused by impaired left ventricular relaxation during this phase of the cardiac cycle (1-4,14) . The remaining M-mode echocardiographic measurements of left ventricular diastolic function (that is, rates of change in left ventricular dimension, diastolic time intervals) did not distinguish patients with hypertrophic cardiomyopathy from normal subjects. Previous studies (1-4) of left ventricular diastolic function in patients with hypertrophic cardiomyopathy using digitized M-mode echocardiograms have shown wide variation in values for the diastolic time intervals and lengthening velocities and considerable overlap in the data between patients with hypertrophic cardiomyopathy and control subjects. There are several explanations for the variability of the echocardiographic data in this and previous studies. First, a minor change in the level of the cross-sectional plane from which the M-mode echocardiogram is generated can greatly alter measurements of the diastolic time intervals and relaxation rates (12, 15) . We attempted to minimize this factor by obtaining the M-mode echocardiograms while imaging the left ventricle in cross section. Second, there is considerable beat to beat and interobserver variability in the M-mode measurements (3). Third, Bahler et al. (12) reported that diastolic time intervals are dependent on cardiac cycle length and that the isovolumic relaxation time is the one time interval that is most independent of cycle length. Therefore, the remaining diastolic time intervals were not useful in distinguishing patients with hypertrophic cardiomyopathy from normal patients, probably because they were influenced by heart rate. Finally, St. John Sutton et a1. (I) suggested that many patients with hypertrophic cardiomyopathy do not have diastolic dysfunction of the left ventricle. This may explain the overlap in values for the echocardiographic indexes of diastolic function between normal subjects and patients with hypertrophic cardiomyopathy.
The mitral valve Doppler examination showed a significant decrease in peak E velocity and percent of the total area in the first third of diastole in patients with hypertrophic cardiomyopathy compared with control subjects. Bahler et a1. (12) showed that the velocity of relaxation is independent of cycle length. Hence, the Doppler measurements of velocity should be largely independent of heart rate and, therefore, should be sensitive indicators of diastolic function. In addition, the Doppler measurements have far less variability than the echocardiographic diastolic time intervals and filling rates and are often easier to obtain than M-mode recordings whose quality is suitable for digitizing (7) . For example, parasternal echocardiographic examination is often very difficult in adult patients with obesity or chronic lung disease.
No differences were found between patients with hypertrophic cardiomyopathy and normal subjects in the Doppler diastolic time intervals, largely because the isovolumic relaxation time cannot be measured from an isolated Doppler tracing. Radionuclide angiographic studies (5) have reported a prolonged time to peak left ventricular filling rate in patients with hypertrophic cardiomyopathy. In these studies, the time to peak filling rate was measured from end-systole to the point of maximal flow velocity across the mitral valve, whereas the Doppler measurement of time to peak filling rate (0 to E time) was made from the onset of flow. The findings on the Doppler examination of normal time to peak flow velocity (0 to E time) and normal time to 50% of peak flow velocity (0 to peak EI2 time) in patients with hypertrophic cardiomyopathy are consistent with previous Mmode echocardiographic reports (1,2) of a normal rapid filling period (measured from mitral valve opening to either 20 or 50% of peak dD/dt) in patients with hypertrophic cardiomyopathy. Therefore, our Doppler measurements support the concept that the prolongation of left ventricular filling in patients with hypertrophic cardiomyopathy (measured from end-systole to peak dD/dt or to 50 or 20% of peak dD/dt) reflects prolongation of isovolumic relaxation time alone.
Other factors that could alter the diastolic indexes. In patients with hypertrophic cardiomyopathy, verapamil therapy has been shown (3, 5, 16) to shorten isovolumic relaxation time, increase left ventricular peak filling rates and shorten the time interval from end-systole to left ventricular peak filling rate. Whether these improvements in diastolic function are related to alterations in ventricular relaxation or ventricular loading conditions is unclear (17) . Despite prior treatment with verapamil for 2 to 3 years in 9 of our 10 patients with hypertrophic cardiomyopathy, we were still able to detect significant abnormalities in left ventricular diastolic filling by both M-mode and Doppler echocardiographic techniques. Further studies are necessary using the Doppler technique in patients with hypertrophic cardiomyopathy before and after drug therapy to determine 1) whether additional abnormalities are present on the Doppler examination in untreated patients, and 2) whether the Doppler indexes of diastolic function will be clinically useful for the serial assessment of a patient's response to drug therapy.
Although the mean ages of our normal subjects and our patients with hypertrophic cardiomyopathy were similar, the group with cardiomyopathy contained several younger and smaller patients. All of the patients and normal subjects had a body weight appropriate for age; therefore, the mean weight of the patients with hypertrophic cardiomyopathy was less than the mean weight of the normal subjects. It is possible that these differences in body weight could lead to differences in cardiac mass and stroke volume that might affect the mitral valve Doppler indexes. We do not believe that the weight discrepancy between the two groups affected our results for the following reasons: 1) Grenadier et al. (18) showed no differences in mitral valve peak velocities and spectral widths between two groups of children (28 infants and 56 older children) with much greater differences in age and weight than those of our two patient groups and 2) on the basis of the age-dependence of diastolic flow variables that has been described in adult patients, one would expect more rapid diastolic filling in younger patients; therefore, the inclusion of younger patients in the group with hypertrophic cardiomyopathy would tend to minimize the differences in isovolumic relaxation time and peak E velocity between the two groups. That significant differences in these variables occurred between groups despite the inclusion of the younger patients with hypertrophic cardiomyopathy suggests that age differences did not significantly affect the study results.
Comparison with systemic hypertension. Using the methodology described in this paper, we have reported (7) abnormalities in left ventricular diastolic filling in children with systemic hypertension. In these children, as well as in children with hypertrophic cardiomyopathy, the mitral valve Doppler examination showed a decrease in the percent of the total area in the first third of diastole. In the hypertensive children, there was also a compensatory increase in the percent of the total area under the A wave, resulting in a normal left ventricular end-diastolic dimension. This study shows that patients with hypertrophic cardiomyopathy, unlike hypertensive patients, have no compensatory left ventricular filling in late diastole (normal percent of the total Doppler area under the A wave) and, therefore, have a reduced left ventricular end-diastolic dimension. The lack of compensatory filling of the left ventricle during atrial contraction in patients with hypertrophic cardiomyopathy as compared with hypertensive patients could be caused by 1) inability of the "atrial kick" to cause thinning of the ventricular septum in hypertrophic cardiomyopathy (2), 2) differences in relaxation properties of left ventricular muscle in the two disease states, 3) differencs in disease severity between the two groups, or 4) previous treatment with verapamil which may, through its negative inotropic effect, weaken the force of atrial contraction.
Conclusions. This study shows that abnormalities of diastolic filling occur in children and young adults with hypertrophic cardiomyopathy and that these abnormalities are detectable by mitral valve Doppler examination. The Doppler technique appears to be as sensitive as standard Mmode echocardiographic techniques and provides an alternative noninvasive method for the serial assessment of left ventricular diastolic function in patients with hypertrophic cardiomyopathy. In addition, the Doppler indexes of diastolic function are relatively easy to obtain and measure and have minimal variability; therefore, the Doppler technique is ideally suited for repeated clinical evaluations of patients with alterations in diastolic function, both before and after drug therapy.
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